This paper presents a code comparison of coupled multiphase flow and geomechanical processes resulting from CO 2 injection into deep saline formations. The coupled simulator OpenGeoSys-Eclipse as well as Eclipse-Visage, GEM and OpenGeoSys are used for this purpose. Comparison of the results of the different simulators shows a strong dependence of the results on the grid discretization and the numerical methods applied. Further investigations of the one-way coupled geomechanical simulations shows that even if the multiphase flow results are nearly identical for the simulators used, the geomechanical response on the pressure build up can be different.
Introduction
It is well known, that the technology of CO 2 capture and storage constitutes one method to reduce the atmospheric CO 2 concentration within the next decades. Especially deep, saline aquifers represent an important storage opportunity due to the large available capacity of these formations [1] . The injection of CO 2 into the subsurface will change the hydraulic, geochemical and geomechanical conditions in the storage formation and potentially in the overlying and underlying rock formations. It causes pressure increase in the storage formation as well as the surrounding reservoir depending on the boundary conditions and reservoir parameters [2, 3] , which will lead to changes in the stress field and therefore can cause rock deformation or even failure [4] . These processes will affect the flow regime due to porosity and permeability changes and hence also the distribution of the CO 2 phase. The deformation induced may also propagate to the land surface, and may thus be used for monitoring the CO 2 storage operation [5] . Thereby, the reservoir fluids and the reservoir rock interact, showing a coupled and non linear behavior, which can be assessed using numerical simulation codes [6] .
The demand for risk assessment of geological storage of CO 2 has increased and led to an enhanced development of simulation codes capable of modeling multiphase flow and geomechanical processes (H 2 M processes) in a coupled manner [6] . An overview of suitable H 2 M codes is given e.g. by [7] and [8] . Additionally, investigations are done regarding site assessment and monitoring [9] or regarding the development of geochemical modules able to model CO 2 -brine-systems at appropriate pressures and temperatures [10] .
Coupling between multiphase flow and geomechanical processes can be implemented in different ways. Basically, four forms of coupling are distinguished: fully, f f iterative, explicit and pseudo. Each method has advantages and disadvantages, depending on the problem type used for [11] , [12] . Using iterative or fully coupled methods, both the pressure impact on the deformation process and the impact of stress changes on fluid flow are considered (two-way coupling). For the fully coupled method, the equations for fluid flow and geomechanical processes (e.g. pressure and displacement) are solved simultaneously, whereas in the iterative approach both processes are solved sequentially and iteratively in two equations systems, where coupling is achieved through coupling terms in the respective equations. Using explicit coupling, geomechanical feedback on the fluid flow is neglected and it is therefore also called one-way coupling. It can be used, if phase compressibility dominates rock compressibility [11] . Finally, coupling effects can be simplified and described by empirical correlations using pseudo coupling. The iterative coupling is the most common coupling method and has been applied to several established reservoir simulators [8, 13, 14] .
In the following study, the numerical simulators OpenGeoSys, GEM, Eclipse100-Visage as well as the coupled simulator OpenGeoSys-Eclipse [15] are used for the investigation of H 2 M processes during CO 2 injection focusing on the impact of different coupling methods and of different numerical codes on the simulation results. First results of the comparisons performed are shown in this work.
Method

General balance equations
Modeling coupled fluid flow and geomechanical processes considers two mass balance and momentum balance equations for each, fluid and solid [7] . The general equation for balance of fluid mass f f for fluid phase can be written as (1) where is the porosity, S the bulk fluid density, u the fluid velocity and Q a source term.
Taking into account Darcy's law and the fact that fluid velocity has to be considered relative to the solid for deformation problems: u r = (u-u s ) s s for u s = solid velocity results in
For the coupled H 2 M simulation, the balance of solid mass is considered using Biots formulation for porous media. This produces the final form of the fluid mass balance as (3) for the fluid bulk modulus f f K , the solid grain modulus K s k, the relative permeability k r p , the gravity vector and the solid displacement u.
Solid displacement u is solved from (4) where u = and = ' + p with the total stress and the effective stress '.
Mean pressure p = S w S S p w + S nw S S p nw
, where subscript w is the wetting phase and nw the non-wetting phase with S w S S +S nw S S = 1.
Simulation codes
OpenGeoSys The open-source scientific software OpenGeoSys (OGS) is a finite element code for simulation of thermal, hydrological and mechanical problems in porous media [16] [17] [18] [19] . It uses an objectoriented and process-oriented approach that allows the solution of partial differential equations for different physical problems using a generic object structure [16] . This includes also multiphase flow as well as geomechanical processes. In OGS, H 2 M simulations can be solved sequentially (iterative coupling) or monolithic (fully coupling). For the following study, only the iterative method is used. Fluid flow can be solved in a pressure-pressure or in a pressure-saturation formulation, using pressure of the non wetting phase p nw and the capillary pressure p c or pressure of the wetting phase p w and saturation of the non-wetting phase S nw as primary variables, respectively. In the geomechanical process, a poroelastic model is implemented using Biot formulation for solving solid displacement. Fluid pressure is then updated from the changed stress field. Porosity and permeability are updated through constitutive laws implemented [7] .
GEM is a finite difference compositional simulator developed by ComputerModellingGroup© [13] . It has a geomechanical module incorporated, which uses a finite element method and can handle multiple constitutive models. One-way and two-way coupling are implemented. For the two-way coupling, fluid flow and formation deformation are coupled together in a sequential manner. The geomechanical deformation feedback is expressed in the fluid flow calculations for each time step through changing parameters in the porosity function after [20] where porosity is a function of pressure, temperature and total mean stress. Using one-way coupling, the deformation terms in the porosity function are neglected.
Eclipse100-Visage
The advanced and comprehensive finite element code Visage has been coupled to the reservoir simulator suite Eclipse to consider geomechanical processes in reservoir management. Fluid flow in Eclipse is calculated first and the results are then transferred from Eclipse to Visage through the interface ECL2VIS for defined time steps. Updates of porosity and permeability can be calculated by constitutive relationships, e.g. Kozeny-Carman. For the following study, the finite difference black oil simulator Eclipse 100 is used for the fluid flow calculations.
OpenGeoSys-Eclipse
The conventional reservoir simulator Eclipse has been coupled with OpenGeoSys to extend the capabilities for simulation of CO 2 injection including geomechanical and geochemical processes. As OpenGeoSys is structured using a process-oriented approach, Eclipse could be implemented as alternative flow simulator within the multiphase flow process of OpenGeoSys [15] . Results from the multiphase flow simulation in Eclipse are passed at each time step to OpenGeoSys where geomechanical processes are solved. The geomechanical calculations are solves as described in the OpenGeoSys part.
Model setup
The injection of CO 2 into a saline aquifer induces a significant increase of the stress field near the injection well. In the following, isothermal short-term geomechanical processes closed to the injection area within the injection formation are investigated using a synthetical model based upon the simulation setup of [21] . The magnitude and dimension of changes in the stress field are analyzed assuming linear elastic behavior. An axis-symmetrical model is assumed (Fig. 1a) , which has a radius of 200 m and a thickness of 6 m. CO 2 is injected in the middle of the model area through a well with a diameter of 0.4 m. The model is set to a depth of 1500 m.
In order to allow for a precise comparison of the codes investigated, fluid properties are set constant (Tab. 1) and porosity and permeability are homogeneously distributed. Saturation-pressure and saturationrelative permeability relationships are represented using Brook-Corey functions. A linear elastic model is assumed for the geomechanical process. Further parameters used are listed in Tab. 2. Fig. 1b) shows the boundary conditions applied for the fluid flow and geomechanical model. For the fluid flow model, the outer model boundary is set to a constant pressure condition following a hydrostatic pressure gradient. Displacement is set to zero for the upper, lower and inner boundaries. An initial total vertical stress gradient of 22621.39 Pa/m is assumed. The horizontal to vertical stress ratio is set to 0.7.
The well on the inner boundary is completed through the entire model thickness. CO 2 is injected with a rate of 1 m 3 /d for 41 days. 
Multiphase flow simulation
Prior to the coupled H 2 M simulations, the simulation codes were compared for multiphase flow without any geomechanical effects, because multiphase flow is the basis for the geomechanical interactions. Multiphase flow is sensitive to the numerical methods employed and the grid discretization used, which allows to investigate these effects in detail.
For this investigation, CO 2 saturation breakthrough curves are compared at selected locations (Fig. 2) , which are shown in Fig. 3 . For all simulators used, a steep rise in CO 2 saturation occurs after a lag time, which represents the time the CO 2 needs to migrate from the injection well to the observation point, followed by a slower increase in saturation due to a thickening of the CO 2 phase, as more and more CO 2 is injected into the formation. It can be seen, that the results of the different simulation codes fit best near the injection well and start to diverge with increasing distance. At 20 m distance, the results of all codes show nearly identical CO 2 saturation curves except for GEM, which yield lower long term saturations. At 60 m, the results of OpenGeoSys show a steeper saturation front than those of Eclipse and GEM, but corresponds very well to the long term results from Eclipse. This difference is due to the numerical methods used in the individual codes. OpenGeoSys thus shows a less dispersive behavior than both Eclipse and GEM. The results of GEM show lower CO 2 saturations for both locations. This is due to the fact that fluid properties in GEM cannot be set constant. Thus, CO 2 density is slightly increased in the GEM simulation and therefore the density driven upward flow of CO 2 reduced. As the model thickness is relatively small, the variations in density are small and the results of the GEM simulation therefore still comparable.
The results of the multiphase flow simulations show that a fine discretization of maximum 1 m in xdirection is required for an exact code comparison. Differences as a result of different numerical methods are observed mainly at the CO2 plume front (60 m and more) indicating that the plume front is most sensitive to numerical methods. 
Coupled H 2 H H M simulation
In the following, simulation results of the one-way coupling are shown for the simulators EclipseVisage, GEM and OpenGeoSys-Eclipse comparing the stress evolution due to CO 2 injection.
The injection induced pressure increase leads to an increase in the stress field of the reservoir. The resulting effective stress in x-direction along a cross section at 1503 m depth after 1 day of CO 2 injection is shown in Fig. 4 . The effective stress in x-direction is increasing towards the outer boundary corresponding to an increasing displacement in x-direction. Comparing the results of the different simulators shows a good agreement for Eclipse-Visage and GEM. A smaller effective pressure increase is observed for the coupled simulation code OpenGeoSys-Eclipse, although the pressure field is calculated in both cases by Eclipse and has been verified (see Fig. 3 ). As the implemented pressure-stress and stress-displacement relationships in OpenGeoSys, GEM and Eclipse-Visage are identical, the reason probably is a different usage of reservoir pressure for calculation of the effective stress field.
The presented comparisons of both the multiphase flow and the geomechanical processes show that differences in the results are observable arising either from the implemented numerical methods or the included geomechanical constitutive relationships. It could also be shown that the grid discretization is crucial for a good agreement of the multiphase flow simulations, which consequently also affects the geomechanical calculations.
